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CP violation in the standard model

- |rreducible phase of the
Cabibbo-Kobayashi-Maskawa
matrix describing the charged
currents of quarks

d S b
- Potentially large effects In /
transitions involving the third 1 A \3eiv| u
generation

- Highly suppressed for charm,
which has small couplings to S LI N B
the third generation /

A~ 0.22



Why shall we bother about charm?

Discovery tool, standard model
effects are ~10-3 or smaller, potential
room for new physics to show up

Unique, gives sensitivity to new
physics coupling to up-type quarks
(complementary to K and B decays)

Challenging, need O(1-100M) yields
and control over systematic
uncertainties. Predictions are difficult,
not a precision probe




Finally two concurrent charm factories

LHCb

- Huge advantage in production

rate, but also large
pbackgrounds — stringent
online selections

- Superior decay-time resolution

and access to larger decay
times

...but tricky efficiency effects
(e.q. decay-time acceptance)

Belle

- Cleaner environment allows for

More generous selections —
milder efficiency effects

- Better reconstruction of final

states with neutrals/invisible
particles

- Much easier separation

between promptly produced
charm and secondary (from-B)
decays



Prospects of data collection
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https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.10567
http://moriond.in2p3.fr/2019/EW/slides/5_Thursday/1_morning/1_Moriond-belle2-gagan-v3.pdf

The rule of thumb

1 4b-1 ~ 1 ab-2

@ LHCh @ Relle II



The rule of thumb

1 1 a b -1

@ B \\?-S.:“

does not hold for charm



The rule of thumb

[PRD 97 (2018) 031101 (R)]
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The rule of thumb

[PRD 97 (2018) 031101 (R)]

[PRL 112 (2014) 111801]
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The rule of thumb

[PRD 97 (2018) 031101(R)] [PRL 112 (2014) 111801]
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Direct CP violation




CP asymmetries with D0—=h+h- decays

(DY — hth™) —T'(D° = h*th™)

Acp(DY = hTh™) = —
opl ) I'(DY — hth=)+T(D° = hTh™)



CP asymmetries with D9—h+h- decays

(DY — hTh™) —-T(D° — h™h™)

Acp(D° — hTh™) = —
opl ) I'(DY - hth=)+T'(D° = hTh™)

A) = WG 1 A |

g




CP asymmetries with D9—h+h- decays

Aep(DO s Hh—) = (DY — hTh™) —-T(D° — h™h™)

(DY — hth=)+T(D° — hth~)




Naive expectation

- In the standard model, CP violation in DO—h+h-is generated by the interference

between the tree and the penguin diagrams
W

u

, d. s, ,A
q C ) > i
(
C ' q g 1
q
i - U U - U

Acre| ~ rekv = IM(VubVeb/ViugVeg™) =~ 6.5x10-4

*In the limit of SU(3)/U-spin symmetry, Acp(K+K-) and Acp(rTtrr-) have same
magnitude and opposite signs = |AAcp| = 13x10-4

- In addition to be robust against experimental biases, AAcp provides enhanced

sensitivity to CP violation
10



DO—h+h- decays at LHCb PRL 122 (2019) 211803]
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https://arxiv.org/abs/1903.08726

Results

[PRL 122 (2019) 211803]

AAcp [10-4]
-18.2 + 3.2 (stat) + 0.9 (syst)
9 + 8 (stat)+x5 (syst)

T tagged (Run 2)

U tagged (Run 2)
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https://arxiv.org/abs/1903.08726

Results [PRL 122 (2019) 211803]

AAcp [10-4]
-18.2 =+ 3.2 (stat) + 0.9 (syst)  mtagged (Run 2)
-9 + 8 (stat)+£5 (syst) wtagged (Run2)
-10 + 8 (stat)+3 (syst) 7299 FunY)
-14 +16 (stat)+8 (syst) ~'aggedun i)


https://arxiv.org/abs/1602.03160
https://arxiv.org/abs/1405.2797
https://arxiv.org/abs/1903.08726

Results [PRL 122 (2019) 211803]

AAcp [10-9]
-18.2 =+ 3.2 (stat) + 0.9 (syst)  mtagged (Run 2)
-9 + 8 (stat)+£5 (syst) wtagged (Run2)
-10 + 8 (stat)+3 (syst) 7299 FunY)
-14 +16 (stat)+8 (syst) ~'aggedun i)
[{:—154 %i tat+s, combined

5.30 deviation from zero
first observation of CP violation in charm
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https://arxiv.org/abs/1602.03160
https://arxiv.org/abs/1405.2797
https://arxiv.org/abs/1903.08726

Now what?

- Measured value is In the ballpark of the standard model value

- Difficult to say if new physics is at play. Need better control of
the QCD effects

- Experimentally look for CP violation in radiative decays, test
Isospin sum rules and SU(3) related modes

- Huge program of measurements, where Belle Il role with
neutrals will be crucial

+ Can we expect any progress on the theory (LQCD) side?

13



CP violation in D+—rtr0 decays

In the standard model AAcp comes from

untagged

AU=0 transitions

CP violation in AU=1, e.g. in D+—1+r10,
would unambiguously be new physics

y4d.o.f. = 1.69| [

v3d.of. =1.24

.02 —
Current best measurement from Belle (1/ab)  dhy-gesirirristbr-itiriirrissost
M, (GeV/c?) M, (GeV/c?)
— 0 .
ACP o (23 + 1 2 + 02) A) tagged with D*+—= D+0
x10°
. : C : ~ 1 x*d.o.f.=0.91 | ! x?/d.o.f. = 0.82
D*+ tagging crucial in suppressing the S odf
background 2 oo
Similar performances expected for Belle Il & oef N
Sensitivity with 50/ab ~0.17%, maybe T T Ay A e S
M, (GeV/c?) M, (GeV/c?)

possible at LHCb but difficult

[PRD 97 (2018) 011101(R)]
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https://arxiv.org/abs/1712.00619

Prospects for direct CP violation

Decay mode Current best sensitivity LHCDb 300/fb Belle Il 50/ab
(stat + syst) [10-] (stat only) [10-3] (stat+syst) [10-8]
AAcp 0.29 LHCb (9/fb) 0.03 0.6
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induced CP violation




Impressive reach

Lower bound on A [TeV]
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=Xperimental status

| CPV allowed
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Theory expectation

- Charm mixing is long-distance dominated.

Impossible to calculate (7)

- CP violation in AC=2 transitions expected
at order rckw/e = 2x10-8 ~ 1/80 (for a
nominal U-spin breaking £~30%)

- Experimental sensitivity limited by the
knowledge of X12 = X

- Avallable mixing measurements are
mostly based on decays to two-body
final states, which are primarily
sensitive to y

- Need more measurements with multi-
body final states
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Mixing with DO—Ksrr+r-

[PRD 89 (2014) 091103

K*(892)

- Multiple interfering amplitudes
enhance the sensitivity to mixing

Pro e_Ft{|AD0|2 — Re [AE()AEO (y + ix)]rt} 1_

- Requires a time-dependent
Dalitz-plot analysis

+ Pioneered by CLEO in 2005,
then followed by B factories with
larger yields

- Belle 1/ab result has been for
long the best determination of x
avallable

m? (GeV?/c?)

Belle m? (GeV?/c*)
Fit type Parameter Fit result

No CPV (%)  0.56 % 0.1970-03F0-00
y(%)  0.30+0.15+9:04+0.03
CPV. a(%) 0562019755 0
y(%)  0.30+0.15+0:04+0.03

lq/p| 0.90 015 0 0a 0 08
arg(q/p)(°) —6+ 11+£3+3
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[PRD 99 (2019) 012007]
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https://arxiv.org/abs/1811.01032

Sin-flip DP—Ksrr+rr-at LHCDb

[PRL 122 (2019) 231802]
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https://arxiv.org/abs/1903.03074

Other multibody modes

Lots of other promising final states not yet explored/fully
exploited experimentally:

e.g )0 — K+7-170 Potential of DO—=K+rr—rr+rm- @ LHCb

s 04—

[D0— K+11-1T+ T, ] = %IIIZI;?VZﬂV(Voﬂd Average 2017 ]

PDO— Ksrr+rrr10, 0.5 | ] WA + This work -

0 _

Model-independent ! :

analyses would have 021 .

to rely on BESII - WY coeisssa -
measurements of the 08 03 I e 12

[CERN-THESIS-2017-257] lq/p

strong-phase parameters
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Prospects for mixing-induced CP violation
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https://arxiv.org/abs/1808.08865

Summary

- Observed (direct) CP violation in charm decays

- Measured asymmetry seems consistent with standard model,
although predictions suffer from large uncertainties due to strong-
iInteraction effects

- Additional searches for CP violation in different decay modes can help
to clarify the picture, together with improved theory calculations

*Yet no signs for mixing-induced CP violation. Precision still ~10x larger
than naive standard model expectation, so plenty of room for new
physics

- Huge experimental progress expected in the next decade(s) at LHCb and
Belle Il (with valuable inputs from BESIIl). Can theory (LQCD) catch up?
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